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1. Introduction 
The filler dispersion and the rubber/filler interfacial
bonding are two critical factors in determining the
performance of the filled rubber composites. Con-
ventionally, the surface treatments with various
modifiers such as silanes have been used to improve
the filler dispersion and strength the rubber/silica
interfacial bonding [1–4]. Due to the high polarity
of silica particles, the dispersion of silica in silane
included systems and controllability of the per-
formance are far from satisfactory. Ionic liquid
(IL), a kind of fascinating molten salt with nearly
zero vapor pressure and high thermal stability
[5–7], has demonstrated high affinity toward vari-
ous kinds of solid, such as carbon nanotubes
[8–14], silica [15–17] and clays [18]. Various inter-
actions, including cation-π interaction [8–11, 19],
van der Waal forces [13], delocalized electron
interaction [14] and hydrogen bonding [16, 18]
have been well acknowledged and therefore sub-
jected to a plenty of applications [14, 16–18,
20–26]. Thanks to these interactions, ILs with spe-
cific structure can be employed as possible interfa-
cial modifiers for various filled polymer compos-
ites. However, due to the limited compatibility
toward rubber [27–29] and the environmental
unfriendliness of the fluorine containing anions
[30], these two factors deter the common ILs such
as 1-butly-3-methylimidazole hexafluorophosphate
(BmimPF6) from their corresponding promising
applications in modifying rubber/filler composites. 
Previously, we have confirmed that, via special
treating methods, such as solution dispersion,
mechanical grinding or microwave irradiation
treatment, BmimPF6 could not only influence sur-
face properties of rubber fillers, but also improve
the mechanical performance of the filled polymer
materials [31–33]. However, an excess loading of
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poor interaction toward rubber chains and its high
economic cost. Consequently, designing functional
ILs with special functional structure and economic
rationality is of crucial importance in exploring
novel interfacial modifier for rubber/filler compos-
ites.
In a recent study, protic ILs could be high effi-
ciently fabricated and their structure ccould be eas-
ily tailored with numerous commercially available
raw materials such as Bronsted acids and bases
[34–38]. In our previous work, a functional group
was successfully induced into the anion of IL.
Through a procedure similar to the synthesis of
protic ILs, 1-methylimidazolium sorbate (MimS)
was synthesized and investigated as a modifier for
improving silica dispersion and interfacial bonding
[39]. The mechanical performance of the MimS
modified styrene butadiene rubber (SBR)/silica
composites were effectively improved. In the pres-
ent work, another novel functional IL, 1-methylim-
idazolium methacrylate (MimMa), is synthesized
and utilized as a modifier for the SBR/silica rubber
composites. Based on the disclosed MimMa/silica
interaction and the graftability of MimMa toward
rubber chains, an improved interfacial structure is
proposed. The performance of SBR/silica compos-
ites is studied. The vulcanization behavior,
mechanical performance and the abrasion resist-
ance are all correlated to the improved dispersion
and interfacial structure induced by MimMa.
2. Experimental
2.1. Materials
N-methylimidazole, with 99% purity, was pur-
chased from Alfa Aesar, TianJin, China. Methacrylic
acid, analytical grade, was produced by Tianjin
Bodi Chemical Holding Co. Ltd, China. Styrene
butadiene rubber (SBR), with trade name SBR1502
(styrene content 23.5 wt%), was manufactured by
Jilin Chemical Industry Company, China.
Precipitated silica, with trade name WL180, was
manufactured by NanPing Jialian Chem. Ltd.,
China. The Brunauer-Emmett-Teller (BET) value
of silica was re-determined to be 200 m2/g by
Micromeretics ASAP 2020. Other rubber additives
were industrial grade and used as received.
2.2. Synthesis of MimMa
Stoichiometric N-methylimidazole was added
dropwise to methacrylic acid. The reaction was
kept below 20°C under stirring and lasted for
1 hour. The transparent colorless liquid product
(1-methylimidazolium methacrylate, MimMa) was
characterized by FTIR spectroscopy (Bruker Ver-
tex 70 FTIR spectrometer) and 1H NMR spec-
troscopy (Bruker AVANCE Digital NMR spec-
trometer, 300 MHz). 1H NMR (CDCl3, 300 MHz):
11.83 (s, 1H, N–H), 7.68 (s, 1H, N–CH=N),
7.08–7.09 (t, 1H, J1 = 1.20 Hz, J2 = 1.05 Hz,
C=CH–N=C), 6.86–6.87 (t, 1H, J = 1.29 Hz,
(CH3)N–CH=C–N), 6.11–6.13 (m, 1H, cis
–OOC–C=CH), 3.69 (s, 3H, N–CH3), 1.94–1.95
(m, 3H, (CH3)(–OOC)C=C). FTIR (Bruker Vertex
70, KBr) [40–43]: 3400 (N–H), 3130 (imidazole-
H), 1523 (C=N), 1693 (C=O), 1630 (C=C in the
anion).
2.3. Polymerizability of MimMa and its
graftability toward SBR chains
Bulk polymerization of MimMa were conducted
with 2,2’-azobisisobutyronitrile (AIBN) (0.5 wt%)
as the initiator at 65°C for 4 hours under nitrogen
protection. Grafting copolymerization of MimMa
onto SBR was performed in toluene with AIBN as
the initiator (SBR/MimMa/AIBN, 10/5/0.15,
wt/wt/wt). The reaction was conducted at 65°C for
5 h. The crude graft product was first washed with
deionized water for three times and then extracted
with water on a Soxhlet extractor for 3 days. The
MimMa grafted product (poly(SBR-g-MimMa))
was then obtained after vacuum drying.
Poly(MimMa) and poly(SBR-g-MimMa) were ver-
ified by FTIR spectroscopy.
2.4. Interactions of MimMa and
poly(MimMa) with silica
Another bulk polymerization of MimMa in the
presence of silica was performed according to the
procedure mentioned above. FTIR, differential
scanning calorimetry (DSC; Q5000 differential
scanning calorimeter, TA Instruments) and X-ray
photon spectroscopy (XPS; Kratos Axis Ultra
DLD) were performed to reveal the interaction
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MimMa/silica were tested with a monochromated
Aluminum Kα source (1486.6 eV). Those XPS
spectra of Si and C atoms were obtained by fine
scanning with step width of 0.1 eV. The MimMa/
silica (10/1, wt/wt) sample were mixed, washed
with acetone, centrifuged and lastly obtained after a
vacuum drying. All XPS spectra were calibrated to
its reference C1s component at 285.0 eV [44]. A
Gaussian function was employed to fit the curve in
order to distinguish the chemical components with
different chemical environments. The DSC cures
on poly(MimMa) and poly(MimMa)/silica were
scanned from –85 to 20°C at 10°C·min–1 with nitro-
gen as the purging gas.
2.5. Preparation of SBR/silica compounds
and their characterizations
All the rubber compositions were summarized in
Table 1. SBR and other additives were mixed on an
open two-mill moll. The dependence of shear mod-
ulus (G′) on the strain of uncured rubber com-
pounds was measured with the strain from 0.5 to
100% at 70°C on viscoelastography rubber process-
ing analyzer (Göttfert-Werkstoff-Prüfmaschinen
GmbH, Germany). The frequency was set as 1 Hz.
The curing characteristics of the rubber compounds
were determined by a UR-2030 vulcameter
(U-CAN, Taiwan) at 170°C. After the rubber com-
pounds were vulcanized for vulcanization time
(Tc90) at 170°C, tensile and tear tests of the vulcan-
izates were performed according to ISO 37-2005
and ISO 34-2004, respectively. The dynamic
mechanical analysis (DMA) was performed on the
EPLEXOR dynamic mechanical analyzer (Gabo
Qualimeter Testanlagen GmbH; Ahlden, Ger-
many). The samples were scanned from –100 to
100°C at 3°C/min. A tensile mode was adopted.
Scanning electron microscopy (SEM) observation
was performed on cryogenically fractured vulcan-
izates with a LEO 1530 VP scanning electron
microscope (Leo system GmbH; Schwerte, Ger-
many). Before the observation, a thin gold was
evaporated on the fractured surface. Transition
electron microscopy (TEM) observations were
done on ultramicrotomed slices (~200 nm) using a
Philips Tecnai 12 transmission electron microscope
(Eindhoven, Netherlands) with an accelerating
voltage of 30 kV.
3. Results and discussion 
3.1. Polymerization of MimMa and its
reactivity towards SBR chains
Polymerizability of MimMa and its graftability
toward SBR chains are characterized by their FTIR
spectra (Figure 1). According to the spectra of
poly(MimMa), the stretching of the double bound
(C=C) was not found, which indicates the polymer-
ization of MimMa happened. Also a shift of the
C=O band from 1693 to 1680 cm–1 indicates an
environmental change of the anion. In the FTIR
spectrum pattern of poly(SBR-g-MimMa), the aro-
matic hydrogen (3020 and 3060 cm–1), the CH2
(2912 and 2843 cm–1), the trans C=CH (964 cm–1)
and the phenyl (694 cm–1) can be assigned to the
SBR backbone [43, 45]. The characteristic groups
of MimMa, such as C=N (1530 cm–1), carbonyl
(1690 cm–1) and C=CH (3142 cm–1) in the imida-
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Table 1. Composition of SBR/silica rubber composites a
arubber ingredients: zinc oxide 5, stearic acid 1, dicumyl peroxide (DCP) 1,2-mercaptobenzoimidazole 1.5 (all in parts per hundred
parts of rubber [phr])
Sample code R0MimMa R1MimMa R2MimMa R3MimMa R4MimMa
SBR 100 100 100 100 100
Silica 40 40 40 40 40
MimMa 0 1 2 3 4
Figure 1. FTIR spectra of MimMa, poly(MimMa) and
poly(SBR-g-MimMa)zolium cation, indicate the successful grafting of
MimMa onto SBR chains.
3.2. MimMa/silica interactions and its
influences on filler networking
As shown in the upper curve in Figure 2, the bind-
ing energies (BE) of silicon (Si) in silanol group
(Si–OH) and in silicon-oxygen bond (Si–O–Si)
were located at 105.0 and 103.7 eV, respectively
[46]. Once silica was treated with MimMa, the
adsorption peaks of Si are distinguished. The peak
at 103.6 eV was related to the region where is geo-
metrically unavailable for the Si–O–Si/MimMa
interaction. The peak located at 104.0 eV was
ascribed to the Si atoms in different original chemi-
cal environments. First, it was partially originated
from Si–OH because the anion of MimMa, interact-
ing with Si–OH via hydrogen bonding, could
decrease the BE value of Si by strengthening the
electron screening effect. Second, it was partially
ascribed to the Si–O–Si bond since its BE value of
Si could be increased by weakening its electron
screening effect due to the hydrogen bonding
between silica and the imidazolium cation.
Due to the disclosed interaction between MimMa
and silica, filler networking in rubber compounds,
which is usually evaluated by the Payne effect [47,
48], may be influenced a lot. According to the
dependence of shear modulus (G′) on strains, the
discrepancy of G′ (ΔG′) between a small strain
(~0.5%) and a large strain (~100%) can be employed
to study the filler networking in the rubber matrix.
As a larger extent of the network forms in the filled
rubber compounds, a bigger ΔG′ appears. The
dependence of G′ on strain for the uncured rubber
compounds is showed in Figure 3. The value of G′
at low strains (<1%) is high, indicating the forma-
tion of silica networking in the rubber matrix. How-
ever, with increasing loading of MimMa, the values
of G′ are considerably decreased. For example, the
values of G′ at lower strains (<1%) is largely
decreased from 3500 kPa for R0MimMa to
1000 kPa for R3MimMa. Furthermore, the values
of ΔG′ for the rubber compounds are effectively
decreased, indicating the weakened Payne effects.
Take R4MimMa for example, its values of ΔG′
800 kPa, which is only about one quarter of that
value of R0Mimma (3220 kPa). The alleviated net-
working of silica by the addition of MimMa can be
ascribed to the weakened interactions among silica
particles due to the hydrogen bonding between
MimMa and silica as substantiated above.
3.3. Interactions between poly(MimMa) and
silica
As shown in Figure 1, abundant hydrogen bond
functionalities such as carbonyl and imidazole
rings are contained in poly(MimMa). Thus, it is
expected that poly(MimMa) can interact with silica
through special interactions. The FTIR spectra of
poly(MimMa) and poly(MimMa)/silica is com-
pared in Figure 4. Red shifts of N–H group (from
3364 to 3387 cm–1) and C=O group (from 1680 to
1693 cm–1) were found, while the C=C–H in the
imidazolium cation and the C–O in the anion
showed blue shifts from 3142 to 3122 cm–1 and
from 1182 to 1171 cm–1, respectively. Both shifts
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Figure 2. Curve fitting of XPS spectra of Si 2p in silica
and poly(MimMa)/silica
Figure 3. Strain dependence of G′ of SBR/silica com-
poundsstrongly suggest that the strong interactions between
poly(MimMa) and silica also exist. The possible
interaction is partially ascribed to the hydrogen
bonding between the imidazolium cation and
Si–O–Si and partially ascribed to the hydrogen
bonding between the anion and Si–OH groups on
silica surface, which is well agreement with others’
work [16].
The hydrogen bonding may be between poly
(MimMa) and silica may affect the glass transition
as the mobility of poly(MimMa) was restricted.
The DSC curves on poly(MimMa) and poly
(MimMa)/silica were presented in Figure 5. The
glass transition temperature (Tg) of poly(MimMa)
is located around –57°C. When about 10 wt% silica
is incorporated, no visible glass transition is
detected below 0°C. It indicates that the mobility of
the poly(MimMa) chains is greatly restricted by the
strong hydrogen bonding between poly(MimMa)
and silica.
3.4. Effect of MimMa on the vulcanization
behavior of SBR rubber compounds
Due to the MimMa/filler interaction and the reac-
tivity of MimMa toward SBR which have been
substantiated, the vulcanization behavior of the
modified SBR/silica rubber compounds was stud-
ied. The curing curves are depicted in Figure 6. It
can be seen that with higher MimMa loading, the
value of the minimum torque (Tmin) during vulcan-
ization is gradually lowered. As indicated from the
restrained filler networking in Figure 6, the effec-
tive silica volume is substantially decreased
because of the weakened interaction among silica
particles [49–51]. So with increasing loading of
MimMa, the value of Tmin is consistently lowered.
Interestingly, the maximum torque (Tmax) for these
samples does not exhibit a simple trend. With
increasing loading of MimMa, the value of Tmax
takes a maximum for R1MimMa and then gets
decreased significantly. There are several factors in
governing this change. First, the incorporated
MimMa may cover the silica surface and suppress
the DCP adsorption on silica. Second, MimMa con-
sumes part of DCP during the vulcanization. Third,
the addition of MimMa facilitates the dispersion of
silica in rubber and results in lower effective filler
volume [47, 52, 53]. The overall effect of MimMa
depends upon the competition of these factors.
When the first factor dominates, the Tmax value will
be higher. However, when the last two factors dom-
inate, the Tmax value will be lower. When 1 phr of
MimMa is used, the consumption of DCP by
MimMa and the change in silica dispersion should
be limited. So the first factor dominates and higher
Tmax is observed. When the content of MimMa is
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Figure 4. FTIR spectra of poly(MimMa) and
poly(MimMa)/silica
Figure 5. DSC curves for poly(MimMa) and
poly(MimMa)/silica
Figure 6. Vulcanization curves of SBR/silica rubber com-
poundsfurther increased, the second and third factors can-
not be ignored and consequently much lower Tmax
values are obtained.
3.5. Effect of MimMa on the silica dispersion 
Silica dispersion in the rubber matrix is studied by
SEM and TEM observations. For R0MimMa vul-
canizate, as shown in the two left photos in Fig-
ure 7, there are a lot of agglomerates with large
sizes more than 100 nm. From these two photos of
R4MimMa on the right, it is clear to see that the
agglomerate size is significantly decreased and the
particles of silica are uniformly dispersed in the
rubber matrix. Both the SEM and TEM observa-
tions reveal that the dispersion of silica in the mod-
ified vulcanizates is obviously improved. The
improved filler dispersion is also attributed to the
interfacial interactions induced by the functional
IL. Also, the morphology observations are well
consistent with the conclusion derived from the
decreased Payne effect in the uncured rubber com-
pounds.
3.6. Mechanical performance and abrasion
resistance of SBR/silica vulcanizates
The dependences of tensile strength and tear
strengths on MimMa loading are revealed in
Table 2. With only 4 phr of MimMa, the tensile
strength is largely increased by an increment of
59% and the tear strength is enhanced by 58%.
Simultaneously, the modulus (always estimated by
the stress at 300%) is effectively increased by up to
80%. The hardness of the vulcanizates shows prac-
tically no variation. From Table 2, the abrasion
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Figure 7. SEM (a, b) and TEM (c, d) photos of R0MimMa and R4MimMa vulcanizatesresistance is also observed. It can be seen that with
increasing MimMa loading, the abrasion resistance
is consistently improved. The abrasion volume for
the R4MimMa is dramatically dropped to
1.56 cm3·1.61 km–1, which is about half of the con-
trol one (2.86 cm3·1.61 km–1). All the largely
improved performances may be related to the sub-
stantiated improved silica dispersion and the inter-
facial bonding [54], which have been disclosed.
The dynamic mechanical analysis (DMA) of the
modified vulcanizates was also performed. The
dependence of modulus and tangent delta on tem-
perature is revealed in Figure 8. The glass transi-
tion temperature (Tg), indicated from tangent delta
in Figure 8b, is practically unchanged (both around
–50°C). As shown in Figure 8a, the elastic modulus
(E′) below Tg of R4MimMa is higher than that of
R0MimMa. While the loss modulus (E″) of
R4MimMa is slightly lowered. Both indicate that
the elasticity of the modified vulcanizate below Tg
is fortified. It may be due to the weakened silica
networking and modified interfacial structure in the
SBR/silica composites. However, when the sample
is in its high elastic state, no practical difference is
observed because in this state the mechanical mod-
ulus is mainly dependent on the rubber matrix.
Noticeably, the mechanical loss of R4MimMa (Fig-
ure 8b) is much higher than the control one. It may
be related to the interfacial structure with non-
covalent bondings such as ionic bond or hydrogen
bond. It may provide a promising perspective on
designing damping material based on the function-
ality of ILs.
3.7. Interfacial interactions and proposed
modification mechanism 
Within various methods for evaluating the interfa-
cial interactions with the stress-strain curve, the
slopes at certain strains and/or certain ranges of
strains have always been utilized [55–57]. How-
ever, ignoring the significant impact of crosslink
density (Vr) on the modulus may be not sound [57].
According to the theory of rubber elasticity, stress
of unfilled rubber vulcanizate (σr) can be theoreti-
cally expressed by following.
Considering the ending segments which did not
contribute to the rubber network formation but neg-
atively influence the stress at certain strains, σr
could be expressed by Equation (1) [58, 59]:
(1)
where R is the universal gas constant, λ is the ten-
sile ratio, T is the absolute temperature, Nr is the
⎟
⎠
⎞
⎜
⎝
⎛
λ
− λ = σ
2
1
RT Nr r
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Table 2. Mechanical performance of the SBR/silica vulcanizates
R0MimMa R1MimMa R2MimMa R3MimMa R4MimMa
Stress at 100% [MPa] 2.0±0.1 2.7±0.1 2.6±0.1 2.8±0.1 2.6±0.1
Stress at 300% [MPa] 4.9±0.1 7.8±0.2 7.3±0.4 9.5±0.2 8.9±0.2
Elongation at break [%] 544±12 436±12 506±14 498±14 589±15
Tensile stress [MPa] 15.4±1.0 13.9±1.0 18.9±0.8 19.5±1.0 24.5±1.2
Tear strength [kN·m–1] 34.8±0.5 44.8±1.6 47.7±1.8 49.4±2.5 54.9±1.2
Shore A hardness 69 72 67 68 68
Volume loss [cm3·1.61 km–1] 2.86 2.68 2.27 1.85 1.56
Figure 8. Effect of MimMa on elastic modulus (a) and hysteresis (b) of SBR/silica vulcanizatesdensity of chain segments introduced by curatives
and also introduced by entanglements of rubber
chains.
Stress in filled vulcanizates (σcom) was greatly
influenced by multi factors including filler, rubber
and the interfacial interactions. A possible Equa-
tion (2) could be employed to describe σcom as fol-
lows:
(2)
where σr, σf and σint are the stress resulting from
rubber network, filler and rubber/filler interfacial
phase, respectively. The contributions of these
three components to σcom are dependent on strains.
Under lower strains, σf, which is possibly related to
the formation of filler network, has a dominant
impact on σcom. However, for the poor deformabil-
ity of rigid filler network, its contribution to σcom at
large strains may be ignored. Thus, at large strains,
the strong interaction between rubber chains and
filler was regarded as physical and/or chemical
crosslinks [60]. Equation (2) could be approxi-
mated by the following Equation (3):
(3)
where Nint is the density of chain segments addi-
tionally introduced by the interfacial interaction,
respectively.
In the calculation of Nr, Vr was determined by the
equilibrium swelling method. Nr could be expressed
by the product of Vr and its functionality of the
crosslink points (Xr). Supposed that functionality of
crosslink point was 3 and Xr was therefore to be 3/2
in present system, Equation (3) could be rearranged
into Equation (4):
(4)
Nint could thus be utilized to evaluate the interfacial
interaction between rubber chains and filler.
Keeping in mind that Nr is largely dependent on the
deformation of the filled vulcanizates, curves of
Nint versus strain of SBR/silica vulcanizates were
plotted in Figure 9. Within a range of lower strains,
the dramatically high value of Nint may be ascribed
to the silica network formation. With increasing
strains, the value of Nint was gradually increased,
implying that the SBR/silica interaction was
dependent on the deformation of rubber network.
Also with increasing strains, stronger interfacial
interactions could be observed possibly due to the
intensified entanglements and the non Gaussian
distribution of the stretched chains. With increasing
loading of MimMa as shown in Figure 9, Nint was
obviously increased. This strongly indicates that
the interfacial interaction between rubber and silica
was largely improved. It may be related to the graft
copolymerization and the high affinity between
MimMa and silica as described above.
Accordingly, an interfacial structure was proposed
for explaining the possible mechanism in the pres-
ent system and elucidated in Figure 10. The hydro-
gen bonding between MimMa and silica can
greatly decrease the Payne effect in uncured rubber
compounds. The filler networking is obviously
r
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r
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Figure 9. Dependence of stress (a) and Nint (b) on tensile strainsrestrained by weakening the interactions among sil-
ica particles. Once the vulcanization is performed,
MimMa is mainly grafted onto SBR molecules via
a radical mechanism. The graft product, poly(SBR-
g-MimMa), can effectively enhance the compatibil-
ity between MimMa and SBR. The hydrogen
bonding interactions, which exist in both uncured
rubber compounds and rubber vulcanizates, can not
only contribute the filler dispersion but also the
structure change of SBR/silica interface. 
4. Conclusions
A novel functional ionic liquid (IL), 1-methylimi-
dazolium methacrylate (MimMa), was synthesized
and investigated as a modifier in a SBR/silica com-
posites. The affinity of MimMa toward silica was
proved to be hydrogen bonding between silica and
the ionic units. The interaction among silica parti-
cles was weakened and the filler networking of sil-
ica in the rubber matrix was effectively restrained.
MimMa was found to be reactive toward SBR
chains through its graft copolymerization onto rub-
ber chains during vulcanization. With a small addi-
tion of MimMa, silica dispersion and mechanical
performance of the vulcanizates were effectively
improved. The increased mechanical loss under
dynamic load indicated a promising utilization as a
damping material. A modified interfacial structure,
which included the high affinity of MimMa toward
silica and its reactivity to rubber chains, was
accordingly proposed. Remarkable improvements
in the rubber performances were related to the pro-
posed interfacial structure.
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